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Abstract: Rodents cause substantial damage and losses of foodstuffs around the world. 
They also transmit many diseases to humans and livestock. While various methods are 
used to reduce damage caused by rodents, rodenticides remain an important tool in the 
toolbox. However, like all tools, rodenticides have advantages and disadvantages. Several 
considerations are shaping the future of rodenticide use, including manufacturing and 
registration costs, concern about toxicity levels and nontarget animal hazards, potential 
hazards to children, reduced effectiveness of some formulations, and humaneness to the 
targeted rodents. Many of these disadvantages apply to anticoagulant rodenticides, and their 
use is being more restricted in numerous settings. This paper discusses rodenticide use but 
also alternative control methods such as traps, exclusion, habitat management, repellents, 
and fertility control. While there have been relatively few new developments in rodenticides 
and other rodent control methods in the last several decades, new formulations and active 
ingredients are being investigated so that these concerns can be addressed. Some of these 
new developments and research results are also discussed.
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Comprising over 1,400 species worldwide, 
rodents are the largest taxonomic group of 
mammals (Nowak 1999). Rodents also exhibit a 
range of ecological plasticity in that they inhabit 
a wide and most extensive range of global 
landscapes. Rodent use of habitats is extensive 
and varied. Most rodent species are relatively 
small, secretive, prolific, adaptable, and have 
continuously growing incisors, which require 
constant eroding by gnawing (Lund 2015, 
Macdonald et al. 2015). Rodents are known 
for their high reproductive potential; however, 
there is much variability between species as to 
the age at first reproduction, size of litters, and 
the number of litters per year.
All rodent species have ecological, scientific, 
social, and/or economic values. They recycle 
nutrients, aerate soils, distribute seeds and 
spores, and affect plant succession (e.g., 
Dickman 1999). Some provide meat and 
furs for people. Several species are used in 
large numbers in medical and other research. 
Additionally, they provide an important prey 
base for many species of predatory animals 
(Witmer and Singleton 2012).
Relatively few (perhaps 5%) rodent species 
around the world are considered economically 
and environmentally pests (Prakash 1988, 
Witmer and Singleton 2012). Globally, in low 
resource areas where commensal rodents may 
interact with humans regularly, zoonoses 
rates exceed actuary averages (Gebreyes et al. 
2014). Economic losses can occur when rodents 
damage agricultural crops (both in the field 
and to stored foods), forests and orchards, 
rangelands, property (structures, cables), and 
natural resources (both faunal and floral; Witmer 
and Singleton 2012; Figure 1). Singleton et al. 
(2003) estimated that in Asia alone, the amount 
of grain eaten by rodents would feed 200 million 
Asians for a year.
When damage occurs, it is paramount to 
determine the species causing the damage, 
the extent of the damage, and the abiotic-
biotic-cultural factors involved before rodent 
population and damage management strategies 
are implemented (Singleton et al. 1999, Witmer 
and Singleton 2012). Damage can be particularly 
severe when rodent population outbreaks occur 
(Singleton et al. 2010, Witmer and Proulx 2010).
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The commensal rodents include the Norway 
rat (Rattus norvegicus; Figure 2), the ship or 
black rat (R. rattus), the Polynesian rat or kiore 
(R. exulans), and the house mouse (Mus musculus 
and M. domesticus; Witmer and Shiels 2018; 
Figure 3). These species live in close proximity 
to humans, exploiting the favorable conditions 
that are created for them. Concomitantly, all the 
species except the Polynesian rat have spread 
throughout most of the world and now cause 
significant losses of stored foodstuffs through 
consumption and contamination as well as 
increased human health and safety concerns 
(Meerburg et al. 2009, Witmer and Shiels 2018). 
Additionally, they have also been especially 
damaging to insular ecosystems when intro-
duced to islands (Angel et al. 2009, Witmer and 
Pitt 2012).
Despite alternative methods available to 
reduce rodent populations and the damage 
they cause, rodenticides remain the preferred 
control option for many decades (e.g., Witmer 
and Eisemann 2007, Witmer et al. 2007a). 
However, public concerns are increasing 
regarding the potential hazards posed by 
rodenticides, including hazards to humans, 
nontarget animals, and the environment (e.g., 
van den Brink et al. 2018). In particular, there 
is concern about the toxicity and persistence in 
tissues of anticoagulant rodenticides (e.g., Pelz 
2007; Eisemann et al. 2010; Rattner et al. 2012, 
2014; Nogeire et al. 2015; Pitt et al. 2015).
The objective of this synthesis paper is to 
review the various contemporary methods 
available for the control of commensal rodent 
populations and damage. I describe both 
lethal and nonlethal methods and discuss 
their value in an integrated pest management 
(IPM) approach. While the emphasis of this 
paper is on the U.S. experience, I have included 
examples and citations from other countries.
Integrated commensal rodent 
management
While rodenticides have been heavily relied 
upon globally to control rodent populations, 
there are many rodent damage and population 
reduction strategies (Table 1; Hygnstrom et al. 
1994, Caughley et al. 1998, Corrigan 2001, Witmer 
and Singleton 2012; Buckle and Smith 2015). 
Long-term damage mitigation and population 
results are generally best achieved if a variety 
Figure 1. Rodent damage to a cable (photo courtesy 
of U.S. Department of Agriculture).
Figure 2. Norway rat (Rattus norvegicus; photo by  
J. Jeffery).
Figure 3. House mouse (Mus domesticus, M. mus-
culus; source of photo unknown).
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of methods are employed (e.g., Baldwin et al. 
2019). However, many practitioners prefer to 
use the method they have found to be effective 
and cost-efficient (Baldwin et al. 2014).
As with the control of weeds and damaging 
insects, the development and implementation 
of an IPM program provides the best guarantee 
of a sustainable control program (Witmer 
2007). Reliance on a single method may lead to 
declining effectiveness over time, as has been 
the case with genetic and behavioral resistance 
to anticoagulants in some urban rodent 
populations. This has been seen in some cases 
with other single-method approaches, such 
as trap shyness or habituation to frightening 
devices and repellents.
An important but often overlooked com-
ponent of rodent management is the periodic 
monitoring of rodent populations so that 
appropriate action(s) can be taken before the 
damage becomes excessive (Witmer 2005). 
Another important aspect of rodent control 
is the building of community cooperation. 
Rodents do not recognize legal or political 
boundaries, so that even a well-planned rodent 
control program may be inefficient and doomed 
to poor success if surrounding landowners are 
not also participating in effective rodent control 
(e.g., Jahn et al. 1999, Singleton et al. 1999). This 
results from the high reproductive potential 
of several rodent species in some areas and 
effective dispersal mechanisms of many rodent 
species.
The methods identified in Table 1 vary 
substantially in their effectiveness, durability, 
and cost. Also, these methods have been 
developed for a wide array of rodent species, 
and many would not be useful for commensal 
rodents. Thus, it is important for practitioners 
to become experienced in the proper use of 
the methods and to be using the methods 
properly. There are some manuals, brochures, 
and booklets available to help persons gain that 
insight (e.g., Hygnstrom et al. 1994, Corrigan 
2001, Buckle and Smith 2015, county and 
university cooperative extension materials). 
Table 1.  Methods and techniques for rodent control that have been suggested, tested, or used for 
various rodent problem situations (from Witmer and Singleton 2012).
Physical Chemical Biological Other
Rodent-proof  
construction
Baits/baiting  
systems
Virally-vectored  
fertility control
Bounties
Passive barriers Glueboards Immunogens Insurance
Electric barriers Poison sprays Habitat modification Harvest
Drift fences Poison moats Cultural practices
Trapping Tracking powder Crop timing Compensation
Flooding burrows (often 
combined with clubbing)
Tracking greases,  
gel
Crop diversification,  
and species selection
Appeasement
Drives Repellents Buffer crops
Hunting Attractants Parasites
Clubbing Aversive agents Diseases
Frightening devices Plant systematics Predators
Flame throwers Sterilants Ultrasonics
Burrow destruction Fumigation Biosonics
Habitat destruction Psychotropic drugs Resistant plants
Harborage removal Herbicides Lethal genes
Supplemental  
feeding
Poisons mixed with vehicle 
oil applied to flooded rice
Endophytic  
grasses
Digging Unpalatable plants
Dogs together with  
flooding or digging
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Regulations and restrictions
The use of certain tools and methods 
discussed in this paper (and in particular, 
rodenticides and traps) are generally regulated 
by governmental agencies within a country 
or political boundary. These agencies assess 
control methods and decide which can be used, 
and the “when, where, and how” of their use. 
Additionally, the regulations and restrictions 
vary widely across political jurisdictions, 
be they federal, state, provincial, county, or 
municipal. They also vary over time. Hence, 
it is important for a potential user to check 
with the appropriate agencies as to what their 
current options are for rodent population or 
damage control.
Additionally, there have been increasing 
concerns about the potential nontarget hazards 
and humaneness of rodenticides and traps. 
Hence, regulations and restrictions have 
increased for many tools. For example, the 
U.S. Environmental Protection Agency (EPA) 
has made more rodenticides “restricted use 
pesticides” so that they can only be applied by 
certified pesticide applicators; an example of 
this is zinc phosphide and second-generation 
anticoagulant use in the United States (e.g., 
Hornbaker et al. 2012).
Oral toxicants
The most commonly used oral rodenticides 
are the anticoagulants (Buckle and Smith 2015). 
The first anticoagulant, warfarin, was developed 
many decades ago in the United States. It, 
along with several that followed (pindone, 
chlorophacinone, diphacinone), are known as 
the first-generation anticoagulants. The mode 
of action of anticoagulants is to shut down the 
body’s ability to clot blood; hence, the rodent 
dies slowly from internal—and sometimes 
external—hemorrhaging. Over the years, they 
became less effective, mainly because rodent 
populations developed a genetic resistance to 
them (Pelz and Prescott 2015).
This led to the development of the second-
generation anticoagulants (bromadialone, bro-
difacoum, difethialone; Buckle and Eason 2015). 
These materials are much more toxic than the 
first-generation anticoagulants. Rodents have 
to feed on first-generation anticoagulants for 
several days before consuming a lethal dose, 
whereas they can consume a lethal dose of a 
second-generation anticoagulant in a single 
feeding. However, the time to death (generally 
5+ days) is the same for both generations of 
anticoagulants. The second-generation anti-
coagulants also persist much longer in tissues, 
which results in a higher secondary hazard 
to nontarget animals (especially raptors and 
carnivores) that consume dead or dying 
rodents. Anticoagulants have long been under 
attack because of the secondary hazards and 
what is considered by many as an inhumane 
form of death (e.g., van den Brink et al. 2018). 
On the plus side, there is an antidote (vitamin 
K) that can be administered in case of accidental 
consumption of an anticoagulant.
Aside from the anticoagulant rodenticides, 
there are a number of alternative toxicants that 
can be used for rodent control. These include 
the acute and sub-acute oral toxicants. The 
acute and sub-acute oral rodenticides are so 
named because these chemicals cause adverse 
effects in organisms much more quickly than 
the anticoagulants. Depending on the chemical, 
this is through relatively rapid physiological 
disruption or organ failure. These materials 
include cholecalciferol (vitamin D3), strychnine, 
zinc phosphide, bromethalin, and alpha-
chloralose. More specific information on the 
acute rodenticides can be found elsewhere 
(Timm 1994, Eason et al. 2010, Buckle and 
Eason 2015).
In some countries, compound 1080 (mono-
sodium flouroacetate) is used as an acute 
vertebrate toxicant; however, it is no longer 
legal in some countries, including the United 
States (Witmer and Eisemann 2007). These 
Figure 4. Rodenticide bait block (photo courtesy of 
U.S. Department of Agriculture).
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materials generally contain somewhat higher 
concentrations (0.01–2%) of the active ingredient 
than do the anticoagulants (0.005–0.025%). Like 
the anticoagulants, they come in a variety of 
formulations for oral consumption, including 
blocks (Figure 4), pellets, coated grain, paste 
baits, liquids, and sachets (like a tea bag). 
Additionally, zinc phosphide also is available 
in a tracking powder (placed along walls, 
runways, or in burrows whereby the rodents 
walk through it and then consume the toxic 
powder when they groom themselves). Depen-
ding on the label instructions, these materials 
(like the anticoagulants) can be broadcast, 
placed in burrows or bait stations, or placed 
along runways as detailed on the EPA pesticide 
label (Witmer and Eisemann 2007).
Because the acute rodenticides are highly 
toxic to most bird and mammal species, they 
pose a significant hazard to most species 
through direct consumption (i.e., a primary 
hazard), including people (especially children), 
livestock, and pets (e.g., van den Brink et al. 
2018). As such, great care must be taken to 
avoid exposure to nontarget animals. This 
is especially important because there are no 
antidotes to these acute toxicants. On the other 
hand, and unlike the anticoagulants, these 
materials are relatively rapidly metabolized 
and eliminated (e.g., zinc phosphide dissipates 
as phosphine gas), so there is little hazard 
from the secondary consumption of poisoned 
rodents. Some consider the acute rodenticides 
to be more humane than the anticoagulants 
because death occurs relatively rapidly after 
consumption of a lethal dose (e.g., Hadidian et 
al. 2014). On the other hand, some of the acute 
rodenticides result in gasping and convulsions 
shortly before death, which is considered 
by some to be signs of an inhumane death 
(Hadidian et al. 2014).
A disadvantage of the relatively quick 
onset of signs of intoxication with acute 
rodenticides is that the animal may associate 
the consumption of the toxic bait with the 
onset of adverse effects (Macdonald et al. 2015). 
As a result of this, rodents consuming a sub-
lethal dose may become bait shy, whereby they 
will not consume the toxic bait in the future. 
Some rodents learn from cohorts to avoid 
some rodenticides. As with the anticoagulants, 
some populations of rodents have developed 
a resistance to the toxic effects of some acute 
rodenticides (e.g., calciferols and strychnine; 
Buckle and Eason 2015).
Traps
A wide array of traps has been developed 
and used to manage rodents, and many types 
are commercially available (Hygnstrom et al. 
1994, Corrigan 2001). Trap types are subdivided 
into live traps and kill traps. With live traps, the 
rodent becomes contained in a box or cage trap 
after tripping a treadle. Kill traps and live traps 
can be purchased through various commercial 
outlets. Animals captured in live traps can be 
relocated (where regulations allow) to other 
locations or euthanized. An advantage of live 
traps is that nontarget animals captured can 
often be released unharmed. However, target 
and nontarget animals released far away 
from the capture site may experience high 
mortality rates after being put in an unfamiliar 
environment.
Kill traps generally, but not always, cause the 
rapid death of the rodent by body constriction 
when the rodent trips the trap’s trigger 
mechanism. The most common type of rodent 
kill trap for commensal rodents is the snap trap 
(Figure 5). Hygnstrom et al. (1994) provided 
good illustrations of various types of traps and 
directions for their proper and effective use. 
Effective trapping requires skill and practice. 
Using the proper type of trap for the situation, 
proper placement, and appropriate bait or lure 
is very important to achieve a high level of trap 
success (i.e., a high capture rate). This is especially 
important because some species of rodents can 
Figure 5. House mouse snap trap placed along wall 
(photo courtesy of U.S. Department of Agriculture).
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be difficult to capture (e.g., nutria [Myocastor 
coypus]; Jojola et al. 2009). Considerable effort 
has gone into identifying effective lures and 
baits for traps (e.g., Jojola et al. 2009; Witmer et 
al. 2010, 2014b; Jackson et al. 2016).
Self-resetting, multiple kill traps have been 
developed in New Zealand for control of invasive 
rats and other invasive species such as non-rodent 
stoats (Mustela ermine) and brush-tailed possums 
(Trichosurus vulpecula; Peters et al. 2014). This was, 
in part, to reduce the high labor costs of running 
trap lines, which requires frequent checking and 
resetting. However, Warburton and Gormley 
(2015) determined which type of trap was more 
efficient for killing invasive vertebrates: at low 
densities, larger numbers of single capture traps 
were more efficient, whereas at higher densities, 
fewer multiple capture traps were more efficient. 
Research is also underway to improve the species-
specificity of self-resetting, multiple kill traps 
(e.g., Blackie et al. 2014, Campbell et al. 2015).
A disadvantage of kill traps is they can injure or 
kill nontarget animals, including birds. Various 
types of traps are also used to monitor rodent 
populations. Rodent population monitoring is 
essential so that necessary management action 
can be taken before populations get very large, 
at which point extensive damage to resources 
cannot be avoided (Witmer 2005). Unfortunately, 
using traps over large areas (e.g., agricultural 
areas) is very labor intensive.
Another type of trap is the glueboard. Glue-
boards are a non-toxic device used to catch 
and hold mice, and to a lesser extent, rats. The 
advantages of glueboards are that they are non-
toxic, non-contaminating, hold the carcass in 
place, have a high capture rate for animals that 
encounter them, require no license for their use, 
and are inexpensive (Cowan and Brown 2015). 
On the other hand, the sticky substance in the flat 
trays holds the rodent until it dies, presumably 
from dehydration and/or starvation. Because of 
that slow and presumably painful form of death, 
glueboards are considered inhumane by many. 
For that reason, some European countries have 
banned the use of glueboards. More recently, 
New Zealand banned the use of glueboards, 
although many exemptions are issued (Cowan 
and Brown 2015). Corrigan (1998) reported 
that glueboards were not particularly effective 
with house mice. Live traps, kill traps, and 
rodenticides are considered the best alternatives 
to glueboards where they can be effectively and 
safely used (Corrigan 1998, 2001; Cowan and 
Brown 2015).
Barriers and exclusion
An alternative approach to reduce or 
eliminate rodent damage is to exclude them 
from high value areas (e.g., Singleton et al. 
1999). This is an attractive option in some 
situations because it is a nonlethal approach 
and could potentially solve the problem on a 
permanent basis. Exclusion devices include 
physical barriers (e.g., fencing, sheet metal, or 
electric wires), frightening devices, ultrasonic 
or vibrating devices, or chemical repellents 
(Marsh et al. 1990, Hygnstrom et al. 1994, 
Buckle and Smith 2015).
Unfortunately, it is very difficult to keep 
rodents out of any area that they strive to enter. 
They can usually get over, around, under, 
or through any kind of barrier put in their 
way. Their small size, flexibility, agility, and 
gnawing capability, along with their climbing 
and digging abilities make them a formidable 
adversary. They also habituate rather quickly 
to noxious odors, sounds, or lights (e.g., Timm 
2003). There are detailed guides available on 
how to rodent-proof buildings, but success 
is achieved only with much effort, expense, 
diligence, and maintenance (Baker et al. 
1994, Corrigan 2001). In open settings such as 
croplands or orchards, the task is much more 
difficult, and the chance of success is small. 
Although research in this area continues, there 
are few successes to report at this time (Witmer 
et al. 2007b, 2008a).
Repellents
A number of rodent repellents have been 
registered by the EPA for use in the United 
States, but their effectiveness is generally 
considered to be low (e.g., Witmer et al. 2016). 
Nonetheless, considerable research effort has 
gone into and continues to identify effective 
repellents for rodents (e.g., Baldwin et al. 2018). 
For example, Baldwin et al. (2018) showed 
that anthraquinone reduced damage to citrus 
seedlings by voles (Microtus spp.). Predator 
odors have shown some effectiveness in some 
trials for repelling rodents and other herbivores 
from areas or individual plants (Sullivan et al. 
1988, Mason 1998) but had little effectiveness 
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in other trials (e.g., Salatti et al. 1995). The 
sulfurous odors in predator urine, feces, 
glandular excretions, blood and bone meal, and 
putrescent eggs derived from the breakdown of 
animal protein all potentially serve as a cue to 
herbivores that a predator may be in the area 
and pose a threat to the herbivore (i.e., the 
potential prey; Mason 1998).
Another repellent that has shown some 
promise is capsaicin (a natural ingredient found 
in chili peppers), but a fairly high concentration 
(≥2%) of this expensive material is usually 
needed for a reasonable level of effectiveness 
(Mason 1998). The product usually comes as a 
liquid concentrate that contains a solvent and an 
adhesive agent so that it sticks to the material to 
be protected when it is sprayed or brushed on.
Recent studies have shown some other plant 
secondary metabolites to be effective as rodent 
repellents (Hansen et al. 2015, 2016; Jackson et al. 
2016). While these and other compounds have 
shown promise as rodent repellents in cage and 
pen trails (Oguge et al. 1997, Ngowo et al. 2003), 
yet to be shown is broad-scale field efficacy of 
rodent repellents. Some of the issues are that 
animals may acclimate or habituate to the 
materials, and the effectiveness depends on how 
hungry the animals are and whether palatable 
alternative foods are available. In another 
related research area, efforts are underway to 
incorporate bird repellents into rodenticides 
to reduce the risk of harming nontarget birds 
(Werner et al. 2011, Cowan et al. 2015).
Habitat management
Because rodent food and cover (i.e., vege-
tation, debris piles, food waste) can be greatly 
influenced by human activities, strategies 
have been developed to reduce populations 
and damage by manipulating vegetation and 
other features in the human-altered landscape 
(Witmer and Singleton 2012). Many of these 
manipulations are not done just to reduce 
rodent habitat (which may be an incidental 
benefit) but for other reasons such as to reduce 
vegetative competition with crops or trees, to 
reduce soil pathogens, or to prepare sites for 
planting. Mowing, burning, plowing, disking, 
and herbicide application all reduce vegetative 
cover, at least for the short term, and usually 
greatly reduce rodent populations (Massawe et 
al. 2003; Witmer 2007b, 2011; Baldwin et al. 2019).
Plowing and disking have the additional 
advantage of disrupting the burrows of 
rodents (Salmon et al. 1987). However, in 
some cases, disking and soil compaction have 
not reduced rodent numbers (Witmer and 
Borrowman 2012). These methods have been 
used extensively in reforestation, orchards, and 
traditional agriculture. Understandably, farms 
that have implemented no-till agricultural 
practices to reduce erosion, water loss, and 
improve soil fertility have continued to suffer 
from high populations of rodents because the 
soil is not disturbed to an adequate depth and 
plant stubble (residues) are left on the surface 
(Witmer and VerCauteren 2001, Witmer et al. 
2007b). Problems from rodents are compounded 
when grassy refugia are left along the periphery 
of crop fields that rodents can make use of when 
crop fields are rather bare (Brown et al. 2004). 
Additionally, a winter food supply for rodents 
is created by the spilled grains of crops such as 
wheat, barley, and legumes and when livestock 
feed is available (Witmer et al. 2007b).
Increased predation 
The habitat needs, and especially cover 
requirements, for most rodents are critical 
because of the constant threat of predation, both 
day and night (see Ylönen et al. 2002). Knowing 
this, farm, ranch, and natural resource managers 
have tried to increase predator densities and 
reduce available cover as ways to reduce rodent 
populations and damage. Unfortunately, prey 
populations usually drive predator populations, 
not the other way around. Artificial perches 
and nest boxes have been constructed to attract 
hawks and owls near croplands, orchards, and 
grasslands (Witmer et al. 2008b). Especially 
where natural perches were limited, these 
structures were used by raptors that preyed 
upon rodents and other animals such as rabbits 
(Ojwang and Oguge 2003, Witmer et al. 2008b); 
while the methods seemed to slow population 
growth and colony expansion, it did not prevent 
it completely. In contrast, there is other evidence 
that suggests the rodent population or rodent 
damage is not substantially reduced as a result 
(e.g., Howard et al. 1985, Sheffield et al. 2001, 
Pelz 2003). Many landowners and agriculturists 
have free-ranging cats on their property, but it 
is important to realize that cats catch and kill a 
large number of songbirds (e.g., Blancher 2013).
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Fertility control
Fertility control is often considered an 
attractive alternative to lethal control of rodents. 
There have been small-scale trials with various 
chemical compounds, and some of these 
materials (e.g., diazacon and nicarbazin) have 
shown promise (Miller et al. 1998, Fagerstone 
2002). There are, however, many difficulties to 
overcome before any of these materials become 
available on the commercial market (McLeod 
et al. 2007, Tyndale-Briscoe and Hinds 2007, 
Fagerstone et al. 2010), including the need for an 
effective remote delivery system and the need 
to get a national, state, or provincial registration 
that would allow the use of compounds in the 
field, especially given that the effects of such 
compounds would probably not be species-
specific (Fagerstone 2002).
Using viruses as a vector for delivering 
species-specific sterility proteins has proven 
effective under laboratory conditions, but the 
level of natural transmission to unaffected 
animals has been insufficient to proceed with 
field trials (Redwood et al. 2007, Campbell et al. 
2015). Currently, GonaCon is registered in the 
United States for the control of overabundant 
white-tailed deer (Odocoileus virginianus), feral 
horses (Equus caballus), and feral burros (Equus 
asinus; Fagerstone et al. 2010). Another product, 
OvoControl, is registered for overabundant 
pigeons (Columba livia) and Canada goose 
(Branta canadensis) control (Fagerstone et al. 
2010). Several materials have shown promise 
for rodents, including GonaCon and diazacon 
(Nash et al. 2007, Yoder and Miller 2011, 
Mayle et al. 2013), but these have not yet been 
registered for rodent control.
Researches in countries outside the United 
States have identified several other compounds 
and approaches that have shown promise for 
fertility control of rodents (German 1985, Seeley 
and Reynolds 1989, Jacob et al. 2006, Zhao et al. 
2007). An oral delivery system is important—
versus the need for an injection—if a fertility 
control agent is to be an effective and efficient 
method for rodent control. Ongoing research 
with a palatable liquid formulation has proven 
effective with commensal rats (Dyer and Mayer 
2014, Pyzyna et al. 2014, Witmer et al. 2017), 
and the EPA recently registered this material, 
ContraPest, for commensal rat control in the 
United States. It should be noted that damage 
may still occur once animals are sterilized, but 
presumably, the population will be slower to 
increase in density and less likely to expand 
into unoccupied areas. Because many species 
of rodents are territorial, it is also presumed 
that the immigration of fertile individuals will 
not occur much until the sterile animals begin 
to die off.
Research on new active ingredients 
and combination toxicants
Because of the increased restrictions on 
rodenticide use, the loss of some products from 
the commercial market, the many concerns about 
rodenticide humaneness and nontarget hazards, 
and the fact that some are no longer effective 
against the targeted rodent species, research 
is expanding on potential new rodenticides 
as described below. This situation applies to 
both the anticoagulant and acute rodenticides. 
Researchers are investigating new active ingre-
dients as well as rodenticides containing 2 active 
ingredients (i.e., an anticoagulant and an acute 
toxicant in 1 bait, but at lower concentrations 
than in single-active-ingredient rodenticides).
A new active ingredient, sodium nitrite, 
is being evaluated as a rodenticide and as a 
feral pig (Sus scrofa) toxicant (Eason et al. 2010, 
Blackie et al. 2014). However, preliminary 
studies suggest it may be much more effective 
with feral pigs than with rodents (Witmer et al. 
2013, Campbell et al. 2015).
Some researchers are revisiting formerly 
registered active ingredients such as norbormide 
(Campbell et al. 2015). Some of the research 
efforts with potential new active ingredients 
or combinations of active ingredients (e.g., 
cholecalciferol combined with diphacinone or 
brodifacoum) have been reported by Eason et 
al. (2010), Morgan et al. (2013), Blackie et al. 
(2014), Witmer and Moulton (2014), Witmer et 
al. (2014a), Campbell et al. (2015), and Baldwin 
et al. (2016, 2017). Another recent research 
area showing promise is the development and 
testing of long-term, re-setting toxin delivery 
systems (Blackie et al. 2014, Murphy et al. 2014, 
Witmer and Moulton 2016).
Research needs
Additional research is needed to improve 
existing methods and to develop new methods 
for rodent detection, control, and damage 
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reduction. Such efforts should include both 
lethal and nonlethal means of resolving rodent 
damage situations (Howard 1988, Witmer et al. 
1995, Witmer and Singleton 2012). Emphasis 
should include, but not be limited to, detection 
methods, new rodenticides, effective repellents, 
and barrier development and improvement; 
biological control; fertility control; and habitat 
manipulation (Eason et al. 2010, Blackie et al. 
2014, Campbell et al. 2015). It is difficult to 
prioritize these research areas because progress 
is needed in all areas. Some promising new areas 
of rodent research include RNA interference 
as a species-specific toxicant and transgenic 
rodents (Campbell et al. 2015). Researchers 
also need to identify effective commercially 
available rodenticide formulations for specific 
locations, regions, or islands as Pitt et al. 
(2011) have done for rats and mice in Hawaii 
and Witmer and Moulton (2014) have done 
for the central mainland United States. This 
is especially important for the successful 
eradication of invasive rodents on islands (e.g., 
Howald et al. 2007, Witmer et al. 2007a, Witmer 
and Pitt 2012). Another important research 
need is the evaluation of the effectiveness of 
combinations of techniques, given that some 
combinations could potentially be much more 
effective in the reduction of damage and may 
be more acceptable to the public (e.g., Baldwin 
et al. 2013). For example, combining sanitation 
and barriers (i.e., limiting rodent access) may 
lessen the amount and frequency of use of traps 
and toxicants.
Conclusions
Rodents will continue to pose challenges 
to land and resource managers, commodity 
producers, and homeowners (e.g., Witmer and 
Singleton 2012, Capizzi et al. 2014). Many tools 
are available to reduce rodent populations and 
associated damage. They should be used in 
a designed IPM program. Rodenticides will 
continue to be an important tool to control rodents 
and their damage, but care must be exercised in 
their use. It is probably safe to assume that much 
of the public will continue to be leery of toxicant 
use. Hence, public education will be important 
to ensure continued availability of rodenticides. 
Continued technology development and transfer 
are essential to improve the effectiveness and 
safety of rodenticides and other methods used 
to control or eradicate commensal and invasive 
rodents as well as native rodents causing 
damage.
Acknowledgments
I would like to acknowledge my many 
research and land/resource management 
colleagues for all the useful discussions and 
collaborations we have had over the years. 
Those greatly assisted with this review paper. 
Mention of a company or commercial product 
does not mean endorsement by the federal 
government. Comments provided S. N. Frey, 
HWI associate editor, and 2 anonymous 
reviewers greatly improved an earlier version 
of the manuscript. This work was funded by 
the U.S. Department of Agriculture.
Literature cited
Angel, A., R. M. Wanless, and J. Cooper. 2009. 
Review of impacts of the introduced house 
mouse on islands in the Southern Ocean: are 
mice equivalent to rats? Biological Invasions 
11:1743–1754.
Baker, R. O., G. R. Bodman, and R. M. Timm. 
1994. Rodent proof construction and exclusion 
methods. Pages B-137–B-150 in S. E. Hygn-
strom, R. M. Timm, and G. E. Larson, editors. 
Prevention and Control of Wildlife Damage. 
Cooperative Extension, University of Nebras-
ka, Lincoln, Nebraska, USA.
Baldwin, R. A., R. Meinerz, and G. Witmer. 2016. 
Cholecalciferol plus diphacinone baits for vole 
control: a novel approach to a historic problem. 
Journal of Pest Science 89:129–135.
Baldwin, R., R. Meinerz, and G. Witmer. 2017. 
Novel and current rodenticides for pocket go-
pher Thomomys spp. management in vine-
yards: what works? Pest Management Science 
73:118–122.
 Baldwin, R. A., R. Meinerz, G. Witmer, and S. 
Werner. 2018. The elusive search for an effec-
tive repellent against voles: an assessment of 
anthraquinone for citrus crops. Journal of Pest 
Science 91:1107–1113.
Baldwin, R., T. Salmon, R. Schmidt, and R. Timm. 
2013. Wildlife pests of California agriculture: 
regional variability and subsequent impacts on 
management. Crop Protection 46:9–37.
Baldwin, R., T. Salmon, R. Schmidt, and R. Timm. 
2014. Perceived damage and areas of needed 
research for wildlife pests of California agricul-
195Rodenticides and alternatives • Witmer
ture. Integrative Zoology 9:265–279.
Baldwin, R., D. Stetson, D. Lopez, and R. Engeman. 
2019. An assessment of vegetation management 
practices and burrow fumigation with aluminum 
phosphide as tools for managing voles within 
perennial crop fields in California. Environmental 
Science and Pollution 26:18434–18439.
Blackie, H. M., J. MacKay, W. Allen, D. Smith, B. 
Barrett, B. Whyte, E. Murphy, J. Ross, L. Shap-
iro, S. Ogilvie, S. Sam, D. MacMorran, S. Inder, 
and C. Eason. 2014. Innovative developments 
for long-term mammalian pest control. Pest 
Management Science 70:345–351.
Blancher, P. 2013. Estimated number of birds 
killed by house cats (Felis catus) in Canada. 
Avian Conservation and Ecology. 8(2):3.
Brown, P. R., M. Davies, G. Singleton, and J. 
Croft. 2004. Can farm-management practices 
reduce the impact of house mouse populations 
on crops in an irrigated farming system? Wild-
life Research 31:597–604.
Buckle, A., and C. Eason. 2015. Control methods: 
chemical. Pages 123–154 in A. Buckle and R. 
Smith, editors. Rodent pests and their control. 
Second edition. CAB International, Wallingford, 
United Kingdom.
Buckle, A., and R. Smith. 2015. Rodent pests and 
their control. Second edition. CAB Internation-
al, Wallingford, United Kingdom.
Campbell, K. J., J. Beek, C. Eason, A. Glen, J. 
Godwin, F. Gould, N. Holmes, G. Howald, F. 
Madden, J. Ponder, D. Threadgill, A. Weg-
mann, and G. Baxter. 2015. The next genera-
tion of rodent eradications: innovative technol-
ogies and tools to improve species specificity 
and increase their feasibility on islands. Bio-
logical Conservation 185:47–58.
Capizzi, D., S. Bertolini, and A. Mortelliti. 2014. 
Rating the rat: global patterns and research 
priorities in impacts and management of rodent 
pests. Mammal Review 44:148–162.
Caughley, J., M. Bomford, B. Parker, R. Sinclair, J. 
Griffiths, and D. Kelley. 1998. Managing verte-
brate pests: rodents. Bureau of Resource Sci-
ences and Grains Research and Development 
Corporation, Canberra, Australia.
Corrigan, R. M. 1998. The efficacy of gluetraps 
against wild populations of house mice, Mus 
musculus. Proceedings of the Vertebrate Pest 
Conference 18:268–275.
Corrigan, R. M. 2001. Rodent control: a practical 
guide for pest management professionals. GIE 
Media, Cleveland, Ohio, USA. 
Cowan, P., and S. Brown. 2015. Review of rodent 
monitoring and control methods as alternatives 
to glueboard traps. MPI technical/information 
paper no. 2015/15, Wellington, New Zealand.
Cowan, P., S. Brown, G. Forrester, L. Booth, and 
M. Crowell. 2015. Bird-repellent effects on bait 
efficacy for control of invasive mammal pests. 
Pest Management Science 71:1075–1081.
Dickman, C. R. 1999. Rodent-ecosystem rela-
tionships: a review. Pages 113–135 in G. R. 
Singleton, L. A. Hinds, H. Leirs, and Z. Zhang, 
editors. Ecologically-based management of 
rodent pests. Canberra, Australia: Australian 
Centre for International Agricultural Research.
Dyer, C. A., and L. Mayer. 2014. Sprague Dawley 
female rat consumption of a liquid bait cantain-
ing vinylcyclohexene diepoxide and triptolide 
leads to subfertility. Proceedings of the Verte-
brate Pest Conference 26:386–390.
Eason, C. T., K. Fagerstone, J. Eisemann, S. 
Humphrys, J. O’Hare, and S. Lapidge. 2010. 
A review of existing and potential New World 
and Australasian vertebrate pesticides with a 
rationale for linking use patterns to registra-
tion requirements. International Journal of Pest 
Management 56:109–125.
Eisemann, J., C. Swift, P. Dunlevy, W. Pitt, and 
G. Witmer. 2010. Regulatory and policy issues 
around non-target mortality and environmental 
fate of rodenticides. Proceedings of the Verte-
brate Pest Conference 24:208–212.
Fagerstone, K. A. 2002. Professional use of pes-
ticides in wildlife management—an overview 
of professional wildlife damage management. 
Proceedings of the Vertebrate Pest Confer-
ence 20:253–260.
Fagerstone, K. A., L. Miller, G. Killian, and C. Yoder. 
2010. Review of issues concerning the use of 
reproductive inhibitors, with particular emphasis 
on resolving human–wildlife conflicts in North 
America. Integrative Zoology 1:15–30.
Gebreyes, W. A., J. Dupouy-Camet, M. J. Newport, 
C. J. B. Oliveira, L. S. Schlesinger, Y. M. Saif, S. 
Kariuki, L. J. Saif, W. Saville, T. Wittum, A. Hoet, 
S. Quessy, R. Kazwala, B. Tekola, T. Shryock, 
M. Bisesi, P. Patchanee, S. Boonmar, and L. J. 
King. 2014. The global one health paradigm: 
challenges and opportunities for tackling infec-
tious diseases at the human, animal, environ-
ment interface in low-resource settings. PLOS 
Neglected Tropical Diseases 8(11): e3257.
196 Human–Wildlife Interactions 13(2)
German, A. 1985. Contact effect of diethylstilbes-
trol (DES) on the suppression of reproduction 
in the Levant vole, (Microtus guentheri). Acta 
Zooligical Fennica 173:179–180. 
Hadidian, J., B. Unti, and J. Griffin. 2014. Measur-
ing humanness: can it be done, and what does 
it mean if it can? Proceedings of the Vertebrate 
Pest Conference 26:443–448.
Hansen, S. C., C. Stolter, and J. Jacob. 2015. The 
smell to repel: the effect of odors on the feed-
ing behavior of female rodents. Crop Protec-
tion 78:270–276.
Hansen, S. C., C. Stolter, and J. Jacob. 2016. Ef-
fect of plant secondary metabolites on feeding 
behavior of microtine and arvicoline rodent 
species. Journal of Pest Science 89:955–963. 
Hornbaker, V., R. Baldwin, and S. Richards. 2012. 
Potential fiscal impact of the rodenticide risk 
mitigation decision to the California Depart-
ment of Food and Agriculture’s rodenticide re-
search program. Proceedings of the Vertebrate 
Pest Conference 25:164–168.
Howald, G., C. J. Donlan, J. P. Galvan, J. C. Russell, 
J. Parkes, A. Samaniego, Y. Wang, D. Veitch, 
P. Genovesi, M. Pascal, A. Saunders, and B. 
Tershy. 2007. Invasive rodent eradication on is-
lands. Conservation Biology 21:1258–1268.
Howard, W. E. 1988. Areas of further research. 
Pages 451–458 in I. Prakash, editor. Rodent 
pest management. CRC Press, Boca Raton, 
Florida, USA.
Howard, W., R. Marsh, and C. Corbett. 1985. Rap-
tor perches: their influence on crop protection. 
Acta Zoologica Fennica 173:191–192.
Hygnstrom, S. E., R. Timm, and G. Larson. 1994. 
Prevention and control of wildlife damage. Uni-
versity of Nebraska Cooperative Extension, 
Lincoln, Nebraska, USA.
Jackson, M., S. Hartley, and W. Linklater. 2016. 
Better food-based baits and lures for invasive 
rats Rattus spp. and the brushtail possum 
Trichosurus vulpecula: a bioassay on wild, 
free-ranging animals. Journal of Pest Science 
89:479–488.
Jacob, J., Rahmini, and Sudarmaji. 2006. The im-
pact of imposed female sterility on field popu-
lations of ricefield rats (Rattus argentiventer). 
Agriculture, Ecosystems & Environment 115: 
281–284.
Jahn, G. C., M. Solieng, P. Cox, and C. Nel. 1999. 
Farmer participatory research on rat manage-
ment in Cambodia. Pages 358–371 in G. R. 
Singleton, L. A. Hinds, H. Leirs, and Z. Zhang, 
editors. Ecologically-based management of ro-
dent pests. Australian Centre for International 
Agricultural Research, Canberra, Australia.
Jojola, S., G. Witmer, and P. Burke. 2009. Evalua-
tion of attractants to improve trapping success 
of nutria on Louisiana coastal marsh. Journal 
of Wildlife Management 73:1414–1419.
Lund, M. 2015. Commensal rodents. Control 
methods: chemical. Pages 19–32 in A. Buckle 
and R. Smith, editors. Rodent pests and their 
control. Second edition. CAB International, 
Wallingford, United Kingdom.
Macdonald, D., M. Fenn, and M. Gelling. 2015. 
The natural history of rodents: preadaptation 
to pestilence. Pages 1–18 in A. Buckle and R. 
Smith, editors. Rodent pests and their control. 
Second edition. CAB International, Wallingford, 
United Kingdom.
Marsh, R. E., A. Koehler, and T. Salmon. 1990. 
Exclusionary methods and materials to protect 
plants from pest mammals—a review. Pro-
ceedings of the Vertebrate Pest Conference 
14:174–180.
Mason, J. R. 1998. Mammal repellents: options and 
considerations for development. Proceedings of 
the Vertebrate Pest Conference 18:325–329.
Massawe, A. W., H. Leirs, W. Rwamugira, and 
R. Makundi. 2003. Effect of land preparation 
methods on spatial distribution of rodents in 
crop fields. Pages 229–232 in G. R. Single-
ton, L. A. Hinds, C. J. Krebs, and D. M. Spratt, 
editors. Rats, mice and people: rodent biology 
and management. Australian Centre for Inter-
national Agricultural Research, Canberra, Aus-
tralia.
Mayle, B., M. Ferryman, A. Peace, C. Yoder, L. 
Miller, and D. Cowan. 2013. The use of Di-
azaCon to limit fertility by reducing serum cho-
lesterol in female grey squirrels, Sciurus carolin-
ensis. Pest Management Science 69:414–424.
McLeod, S. R., G. Saunders, L. Twigg, A. Arthur, 
D. Ramsey, and L. Hinds. 2007. Prospects for 
the future: is there a role for virally vectored im-
munocontraception in vertebrate pest manage-
ment? Wildlife Research 34:555–566.
Meerburg, B., G. Singleton, and A. Kijlstra. 2009. 
Rodent-borne diseases and their risks for pub-
lic health. Critical Reviews in Microbiology 
35:221–270.
Miller, L., B. Johns, and D. Elias. 1998. Immuno-
contraception as a wildlife management tool: 
197Rodenticides and alternatives • Witmer
some perspectives. Wildlife Society Bulletin 
26:237–243.
Morgan, D. R., J. Arrow, and M. Smith. 2013. 
Combining aspirin with cholecalciferol (vitamin 
D3)—a potential new tool for controlling pos-
sum populations. PLOS ONE 8(8): e70683.
Murphy, E., T. Sjoberg, A. Barun, P. Aylett, D. Mac-
Morran, and C. Eason. 2014. Development of 
re-setting toxin delivery devices and long-life 
lures for rats. Proceedings of the Vertebrate 
Pest Conference 26:396–399.
Nash, P., C. Furcolow, K. Bynum, C. Yoder, L. 
Miller, and J. Johnston. 2007. 20,25-Diazacho-
lesterol as an oral contraceptive for black-tailed 
prairie dog population management. Human–
Wildlife Interactions 1:60–67.
Ngowo, V., J. Lodal, L. Mulungu, R. Makundi, A. 
Massawe, and H. Leirs. 2003. Evaluation of 
thiram and cinnamamide as potential repel-
lents against maize-seed depredation by the 
multimammate rat, (Mastomys natalensis), in 
Tanzania. Pages 260–261 in G. R. Singleton, 
L. A. Hinds, C. J. Krebs, and D. M. Spratt, edi-
tors. Rats, mice and people: rodent biology and 
management. Australian Centre for Internation-
al Agricultural Research, Canberra, Australia.
Nogeire, T., J. Lawler, N. Schumaker, B. Cypher, 
and S. Phillips. 2015. Land use as a driver of 
patterns of rodenticide exposure in modeled kit 
fox populations. PLOS ONE 10(8): e0133351.
Nowak, R. 1999. Walker’s mammals of the world. 
Sixth edition. Volume II. Johns Hopkins Univer-
sity Press, Baltimore, Maryland, USA.
Oguge, N., D. Ndung’u, and P. Okemo. 1997. 
Effects of neem plant (Azadirachta Indica Juss, 
meliaceae) products on maize grain consump-
tion by three common rodent pests in Kenya. 
Belgian Journal of Zoology 127:129–135. 
Ojwang, D., and N. Oguge. 2003. Testing a bio-
logical control program for rodent management 
in a maize cropping system in Kenya. Pages 
251–253 in G. R. Singleton, L. A. Hinds, C. J. 
Krebs, and D. M. Spratt, editors. Rats, mice 
and people: rodent biology and management. 
Australian Centre for International Agricultural 
Research, Canberra, Australia.
Pelz, H. 2003. Current approaches towards envi-
ronmentally benign prevention of vole damage 
in Europe. Pages 233–237 in G. R. Singleton, 
L. A. Hinds, C. J. Krebs, and D. M. Spratt, edi-
tors. Rats, mice and people: rodent biology and 
management. Australian Centre for Internation-
al Agricultural Research, Canberra, Australia.
Pelz, H. 2007. Spread of resistance to antico-
agulant rodenticides in Germany. International 
Journal of Pest Management 53:299–302.
Pelz, H., and C. Prescott. 2015. Resistance to 
anticoagulant rodenticides. Pages 187–208 in 
A. Buckle and R. Smith, editors. Rodent pests 
and their control. Second edition. CAB Interna-
tional, Wallingford, United Kingdom.
Peters, D. H., K. Schumacher, R. Schumacher, 
and D. Baigent. 2014. Goodnature automatic 
traps for vertebrate pest control: field trials us-
ing new kill traps targeting animal pests in New 
Zealand. Proceedings of the Vertebrate Pest 
Conference 26:405–410.
Pitt, W., A. Berentsen, A. Shiels, S. Volker, J. 
Eisemann, A. Wegmann, and G. Howald. 2015. 
Non-target species mortality and the measure-
ment of brodifacoum rodenticide residues after 
a rat (Rattus rattus) eradication on Palmyra 
Atoll, tropical Pacific. Biological Conservation 
185:36–46.
Pitt, W., L. Driscoll, and R. Sugihara. 2011. Effi-
cacy of rodenticide baits for the control of three 
invasive rodent species in Hawaii. Archives of 
Environmental Contamination and Toxicology 
60:533–542.
Prakash, I. 1988. Rodent pest management. CRC 
Press, Boca Raton, Florida, USA.
Pyzyna, B., L. Cunningham, E. Calloway, C. Dyer, 
L. Mayer, and D. Cowan. 2014. Liquid fertility 
management bait uptake by urban rats within 
New York City subway refuse rooms. Pro-
ceedings of the Vertebrate Pest Conference 
26:375–379.
Rattner, B., K. Horak, R. Lazarus, K. Eisenreich, C. 
Meteyer, S. Volker, C. Campton, J. Eisemann, 
and J. Johnston. 2012. Assessment of toxicity 
and potential risk of the anticoagulant rodenti-
cide diphacinone using Eastern screech-owls 
(Megascops asio). Ecotoxicology 21:832–846.
Rattner, B. A., R. Lazarus, J. Elliott, R. Shore, and 
N. van den Brink. 2014. Adverse outcome path-
way and risks of anticoagulant rodenticides to 
predatory wildlife. Environmental Science and 
Technology 48:8422–8445.
Redwood, A. J., L. Smith, M. Lloyd, L. Hinds, C. 
Hardy, and G. Shellam. 2007. Prospects for 
virally vectored immunocontraception in the 
control of wild house mice (Mus domesticus). 
Wildlife Research 34:530–539.
Salatti, C., A. Woolhouse, and J. Vandenbergh. 
198 Human–Wildlife Interactions 13(2)
1995. The use of odors to induce avoidance 
behavior in pine voles. Proceedings of the 
Eastern Wildlife Damage Control Conference 
6:149–151.
Salmon, T. P., R. Marsh, and D. Stroud. 1987. 
Influence of burrow destruction on recoloniza-
tion of California ground squirrels. Wildlife So-
ciety Bulletin 15:564–568.
Seeley, R. R., and T. Reynolds. 1989. Effect of 
indomethacin-treated wheat on a wild popula-
tion of montane voles. Great Basin Naturalist 
49:556–561.
Sheffield, L. M., J. Crait, W. Edge, and G. Wang. 
2001. Response of American kestrels and 
gray-tailed voles to vegetation height and sup-
plemental perches. Canadian Journal of Zool-
ogy 79:380–385.
Singleton, G. R., S. Belmain, P. Brown, and B. 
Hardy, editors. 2010. Rodent outbreaks: ecol-
ogy and impacts. International Rice Institute, 
Los Banos, Philippines.
Singleton, G. R., L. Hinds, C. Krebs, and D. Spratt. 
2003. Rats, mice and people: rodent biology 
and management. Clarus Design, Canberra, 
Australia. 
Singleton, G. R., H. Leirs, L. Hinds, and Z. Zhang. 
1999. Ecologically-based management of ro-
dent pests—re-evaluating our approach to an 
old problem. Pages 17–29 in G. R. Singleton, 
L. A. Hinds, H. Leirs, and Z. Zhang, editors. 
Ecologically-based management of rodent 
pests. Australian Centre for International Agri-
cultural Research, Canberra, Australia.
Sullivan, T. P., D. Crump, and D. Sullivan. 1988. 
Use of predator odors as repellents to reduce 
feeding damage by herbivores IV: Northern 
pocket gophers. Journal of Chemical Ecology 
14:379–389.
Timm, R. 1994. Active ingredients. Pages G-23–G-61 
in S. E. Hygnstrom, R. M. Timm, and G. E. 
Larson, editors. Prevention and control of wild-
life damage. University of Nebraska Cooperative 
Extension Division, Lincoln, Nebraska, USA.
Timm, R. M. 2003. Devices for vertebrate pest 
control: are they of value? Proceedings of the 
Wildlife Damage Management Conference 
10:152–161. 
Tyndale-Biscoe, H., and L. Hinds. 2007. Introduc-
tion—virally vectored immunocontraception in 
Australia. Wildlife Research 34:507–510.
van den Brink, N., J. Elliott, R. Shore, and B. Rattner, 
editors. 2018. Anticoagulant rodenticides and 
wildlife. Springer Publishing, Cham, Switzerland.
Warburton, B., and A. Gormley. 2015. Optimising 
the application of multiple-capture traps for in-
vasive species management using spatial sim-
ulation. PLOS ONE 10(3): e0120373.
Werner, S. J., S. Tupper, S. Pettit, J. Carlson, and 
G. Linz. 2011. Anthraquinone repellent to re-
duce take of non-target birds from zinc phos-
phide rodenticide applications. Applied Animal 
Behaviour Science 135:146–153.
Witmer, G. 2005. Wildlife population monitoring: 
some practical considerations. Wildlife Re-
search 32:259–263.
Witmer, G. 2007. The ecology of vertebrate pests 
and integrated pest management (IMP). Pages 
393–410 in M. Kogan and P. Jepson, editors. 
Perspectives in ecological theory and integrat-
ed pest management. Cambridge University 
Press, Cambridge, United Kingdom.
Witmer, G. 2011. Rodent population management 
at Kansas City International Airport. Human–
Wildlife Interactions 5:269–275.
Witmer, G., and D. Borrowman. 2012. Effects of 
turf rolling and soil aeration on rodent popula-
tions. Proceedings of the Vertebrate Pest Con-
ference 25:338–340.
Witmer, G., and J. Eisemann. 2007. Rodenticide 
use in rodent management in the United States: 
an overview. Proceedings of the Wildlife Dam-
age Management Conference 12:114–118. 
Witmer, G., J. Eisemann, and G. Howald. 2007a. 
The use of rodenticides for conservation ef-
forts. Proceedings of the Wildlife Damage 
Management Conference 12:160–167. 
Witmer, G., M. Fall, and L. Fiedler. 1995. Rodent 
control, research, and technology transfer. Pag-
es 693–697 in J. Bissonette and P. Krausman, 
editors. Integrating people and wildlife for a sus-
tainable future. Proceedings of the First Interna-
tional Wildlife Management Congress, The Wild-
life Society, Bethesda, Maryland, USA.
Witmer, G., J. Gionfriddo, and M. Pipas. 2008a. 
Evaluation of physical barriers to prevent prairie 
dog colony expansion. Human–Wildlife Interac-
tions 2:206–211.
Witmer, G., K. Horak, R. Moulton, and R. Baldwin. 
2013. New rodenticides: an update on recent 
research trials. Proceedings of the Wildlife 
Damage Management Conference 15:79–85.
Witmer, G., and R. Moulton. 2014. Improving 
invasive house mice control and eradication 
strategies via more effective rodenticides. Pro-
199Rodenticides and alternatives • Witmer
ceedings of the Vertebrate Pest Conference 
26:67–72.
Witmer, G., and R. Moulton. 2016. Design of a 
low-maintenance, long-term bait station for ro-
dent control. Proceedings of the Wildlife Dam-
age Management Conference 16:21–25.
Witmer, G., R. Moulton, and R. Baldwin. 2016. 
An evaluation of potential repellents for Bott’s 
pocket gophers. Proceedings of the Vertebrate 
Pest Conference 27:325–331.
Witmer, G. W., R. Moulton, and R. Baldwin. 2014a. 
An efficacy test of cholecalciferol plus diphaci-
none rodenticide baits for California voles 
(Microtus californicus) to replace ineffective 
chlorophacinone baits. International Journal of 
Pest Management 60:275–278.
Witmer, G., M. Pipas, P. Burke, D. Rouse, D. 
Dees, and K. Manci. 2008b. Raptor use of arti-
ficial perches at natural areas, city of Fort Col-
lins, Colorado. Prairie Naturalist 40:37–42.
Witmer, G., and W. Pitt. 2012. Invasive rodents in 
the United States: ecology, impacts, and man-
agement. Pages 47–75 in J. Blanco and A. 
Fernandes, editors. Invasive species: threats, 
ecological impact and control methods. Nova 
Science Publishers, New York, New York, USA.
Witmer, G., and G. Proulx. 2010. Rodent out-
breaks in North America. Pages 253–267 in G. 
Singleton, S. R. Belmain, P. R. Brown, and B. 
Hardy, editors. Rodent outbreaks: ecology and 
management. IRRI, Los Banos, Philippines.
Witmer, G., S. Raymond-Whish, R. Moulton, B. 
Pyzyna, E. Calloway, C. Dyer, L. Mayer, and 
P. Hoyer. 2017. Compromised fertility in free 
feeding wild-caught Norway rats (Rattus nor-
vegicus) with a liquid bait containing 4-vinylcy-
clohexene dieposide and triptolide. Journal of 
Zoo and Wildlife Medicine 48:80–90.
Witmer, G., R. Sayler, D. Huggins, and J. Capelli. 
2007b. Ecology and management of rodents in 
no-till agriculture in Washington, USA. Integra-
tive Zoology 2:154–164.
Witmer, G., and A. Shiels. 2018. Ecology, impacts, 
and management of invasive rodents in the 
United States. Pages 193–219 in W. Pitt, J. 
Beasley, and G. Witmer, editors. Ecology and 
management of terrestrial vertebrate invasive 
species in the United States. CRC Press, Boca 
Raton, Florida, USA.
Witmer, G., and G. Singleton. 2012. Sustained ag-
riculture: the need to manage rodent damage. 
Pages 145–182 in A. Triunveri and D. Scalise, 
Gary W. Witmer is a supervisory research 
wildlife biologist and rodent research project leader 
with the USDA/APHIS/
Wildlife Services’ National 
Wildlife Research Center in 
Fort Collins, Colorado. He 
received his Ph.D. degree 
in wildlife science from 
Oregon State University. 
His research focuses on 
resolving human–wildlife 
conflicts and has included ungulates, carnivores,  
and rodents.
editors. Rodents: habitat, pathology and envi-
ronmental impact. Nova Science Publishers, 
New York, New York, USA.
Witmer, G. W., N. Snow, and P. Burke. 2010. 
Potential attractants for detecting and remov-
ing invading Gambian giant pouched rats (Cri-
cetomys gambianus). Pest Management Sci-
ence 66:412–416.
Witmer, G. W., N. Snow, and R. Moulton. 2014b. 
Responses by wild house mice (Mus muscu-
lus) to various stimuli in a novel environment. 
Applied Animal Behaviour Science 159:99–106.
Witmer, G., and K. VerCauteren. 2001. Under-
standing vole problems in direct seeding—
strategies for management. Pages 104–110 
in R. Veseth, editor. Proceedings of the North-
west Direct Seed Cropping Systems Confer-
ence, Spokane, Washington, USA.
Ylönen, H., J. Jacob, M. Davies, and G. Singleton. 
2002. Predation risk and habitat selection of 
Australian house mice (Mus domesticus) dur-
ing an incipient plague: desperate behaviour 
due to food depletion. Oikos 99:284–289. 
Yoder, C., and L. Miller. 2011. Effect of GonaCon 
vaccine on black-tailed prairie dogs: immune re-
sponse and health effects. Vaccine 29:233–239.
Zhao, M., M. Liu, D. Li, X. Wan, L. Hinds, Y. Wang, 
and Z. Zhang. 2007. Anti-fertility effect of 
levonorgestrel and quinestrol in Brandt’s voles 
(Lasiopodomys brandtii). Integrative Zoology 
2:260–268.
Associate Editor: S. Nicole Frey
